A means of enhancing electrical and thermal conductivities of carbon fibre reinforced polymer (CFRP) composites is investigated for the purpose of reducing damage when electric current and/or heat is introduced into a CFRP structure. The addition of commercially available graphene oxide (GO) nanoflakes dispersed into an epoxy resin is studied; quantities up to 6.3 vol% are used in a vacuum infusion process with carbon fibre fabric to form CFRP laminates. Measurements of the anisotropic electrical and thermal conductivity of the laminate were conducted on CFRP specimens with and without the GO nano-flakes. It is shown that the electrical conductivity in the through-thickness direction increased markedly, reaching values up to 0.18 S/cm, when 6.3 vol% of GO was added into the epoxy, showing a threefold increase compared to the neat CFRP. Similar improvement was also found in the thermal throughthickness conductivity for the same filler content, where the laminate exhibited identical values in both transverse and through-thickness directions. However, the properties transverse to the fibres were not greatly affected by the GO addition. To assess the effect of the GO on the mechanical properties, interlaminar shear strength tests were conducted that showed that the addition of the GO significantly enhanced the through-thickness shear strength.
Introduction
Polymer composite materials reinforced with continuous carbon fibres are being widely used for weight critical structures due to their excellent specific strength and stiffness. However, carbon fibre reinforced polymers (CFRP) exhibit anisotropic mechanical, electrical and thermal properties, which often make their design and application more complex compared to more conventional engineering materials, such as metallic alloys. The increasing demand for CFRP structural solutions in aerospace/ aircraft, automotive and wind turbine blade applications has largely been based on mechanical design considerations. However, significant new challenges associated with heat dissipation and electric current flow paths have emerged which link directly to operational considerations such as lightning strike protection and anti/de-icing measures [1] [2] [3] . The incorporation of a semi-conducting phase (i.e. carbon fibres) into an insulating matrix (i.e. epoxy resin) results in anisotropic thermal, electrical as well as mechanical behaviour in the composite system. The properties parallel to the reinforcement fibres are dominated by the fibre properties, hence the high strength and stiffness, as well as high electrical and thermal conductivities in this direction. On the other hand, transverse to the fibres and in the laminate through-thickness directions, the properties are dominated by the polymer matrix, which exhibits much lower electrical and thermal conductivities than in the direction parallel to the carbon fibre reinforcement [4] .
In recent years, several approaches have been suggested to improve the functionality of CFRP laminates using various conductive fillers [2, [5] [6] [7] . These include enhancing of the through-thickness electrical and thermal properties as well as the stress transfer between the matrix and carbon fibre. The key objective behind the addition of conducting fillers/ inclusions to the bulk matrix of composite laminates is to interconnect the adjacent laminae with the addition of a secondary conducting phase.
Different methods for improving the conductive performance have been proposed, which show promising results including the incorporation of nano-fillers in the bulk matrix [7] [8] [9] , grafting on the surface of the carbon fibres by adding nano-inclusions into the sizing [5, 6, 10] , growing nano-inclusions directly on the carbon fibre surface through a chemical vapour deposition (CVD) process [4] , electrophoretical deposition of the filler on fabrics [11] , and nano-structuring in the interlaminar region [1, 12] . Although there are differences in the methods listed above, they all share a common characteristic: the use of a conducting filler as a means to enhance the electrical and thermal conductivity of the polymer matrix or the properties of the sizing on carbon fibres [10] . Besides this, parameters such as the interlaminar polymer region and the sizing system have been identified as factors that affect the conduction process either between the laminae or adjacent fibres [1, 10] .
Carbonaceous inclusions, like, e.g., carbon nanotubes (CNTs) [8, [13] [14] [15] , carbon black (CB) [1] , graphene nano-platelets (GNPs) [7, 12, 16] and carbon nano-fibres (CNFs) [17] , as well as metallic nanoparticles or nano-structures, like, e.g., silver nanoparticles (SnPs) and silver nano-wires (SnWs) [7] , have been investigated. It has been observed that fillers with high aspect ratios, rod/wire like shapes or platelets/ellipsoids are the most well suited since they can interconnect adjacent fibres and adjacent laminae in the composite system, facilitating both current flow and heat dissipation into the laminate bulk [18] .
Graphene oxide (GO) is a 2D material with a similar structure to graphene. It is produced by the oxidation of graphite; hence, the produced sheets are covered with oxygen. Due to its chemical structure, with hydroxyl and epoxide groups on its basal plane and carbonyl and carboxyl groups on the sheet edges, GO is highly compatible with epoxies, unlike graphene, which tends to form agglomerates due to intermolecular van der Waals forces [19] [20] [21] . Although GO appears as a promising filler candidate, the oxygen content of GO potentially can affect its electrical and thermal properties, and, therefore, a balance must be established if both good dispersion and improved conductivity properties are required [22, 23] . So far, the studies utilising GO as reinforcement involved using a laboratory-synthesised filler based on Hummers' method or its variations [24] .
To avoid arcing inside the blades, during a lightning strike on a wind turbine blade, the lightning current is split between the down conductor of the lightning protection system (LPS) of the wind turbine and the CFRP structure [25, 26] . By allowing electric current to flow through the CFRP spar, resistive heating will occur, the extent of which depends on the current density, thus making heat dissipation and current distribution of high importance. Repairs to the internal structure of wind turbine blade are very costly and time-consuming to perform, and lightning strike occurs on numerous occasions over the expected 25-year service life of the wind turbine system. A means of reducing the damage by modifying the material properties is an attractive proposition with improvements not only limited to lightning protection but also to the mechanical response of the structure [27, 28] .
The focus of the study described in the present paper is to investigate the influence of GO nano-inclusions on the electrical and thermal conductivity in the transverse and through-thickness directions of unidirectional CFRPs when the filler is introduced into the laminate by means of bulk matrix modification. Outside the scope of the paper, but a very important consideration, is the practical implementation of the inclusion of the GO filler materials in epoxy resin at an industrial scale relevant to wind turbine blades. The size of the blade components in the primary load-carrying structure, such as the spar caps and other load-carrying parts, is a key concern. It is essential that the GO filler material is incorporated in a uniform manner in the resin infusion manufacturing process, to deliver a viable approach for lightning strike protection/damage mitigation of the CFRP structure.
Materials and methods

Materials
A two-component epoxy system supplied by BASF was used as the matrix material, comprising Baxxores Ò ER 5300 epoxy resin and Baxxodur Ò EC 5310 curing agent. The components were mixed by weight at a ratio of 100/20 according to the specifications of the manufacturer. The GO (edge oxidised) was provided by Garmor Inc, USA, consisting of approximately ten graphene layers and a nominal particle size diameter of 500 nm, 90% of the particle sizes below 800 nm, with an oxygen content in the range of 5-10%. A unidirectional (UD) non-crimp carbon fabric used in the manufacturing of wind turbine blade spars, with Zoltek Panex 35 carbon fibres and an areal weight of 882 g/m 2 , was used as reinforcement. The composition of the fabric consisted of 852 g/m 2 Panex 35 carbon fibres, 24 g/m 2 of E-glass and 6 g/m 2 of PES, the E-glass and PES were used for stitching purposes.
Manufacturing of GO-reinforced CFRP
The GO nano-particles were added into the epoxy in pre-specified quantities, as shown in Table 1 . The dispersion of GO into the epoxy was realised by means of high-speed planetary mixing, in a dual asymmetric centrifuge configuration, Flacktek Speedmixer TM DAC 150.1 FV, for 10 min at 3000 rpm at ambient temperature. This method introduces high shear forces into the mixture and has been proven to provide good dispersion of carbonaceous nano-inclusions in epoxy [29] [30] [31] [32] . After mixing, the curing agent was added and the mixture was hand stirred for 5 min followed by degassing at ambient temperature for 10 min. Considering the high areal weight of the reinforcement, the vacuum assisted resin infusion moulding (VARIM) process was used; also, this is the predominant manufacturing route for the manufacturing of wind turbine blades and their structural components [27] . The resin inlet channel was positioned parallel to the fibre direction, Fig. 1 . After the infusion process, the laminates were cured for 6 h at 70°C, as specified by the manufacturers. The fibre volume fractions given in Table 1 were determined by taking samples from the finished laminates and conducting microscopy, using an Olympus BX-51 optical microscope and Olympus Stream Essentials software, and, in all cases, it was approximately 57 ± 2%. In addition to the GO filler contents listed in Table 1 , trials with higher filler contents of up to 10 vol% GO were made. The outcome was partially infused laminates, as the resin viscosity increased significantly with the higher volumes of filler, indicating that the mixture was close to its percolation threshold. Thus, the optimum GO filler content for infusion purposes will be below the percolation threshold of that of the GO/epoxy system.
Experimental techniques
Morphological characterisation
The morphology of the manufactured samples was investigated by means of scanning electron microscopy (SEM), Carl Zeiss EVO 50. Initially, CFRP samples were cut from the manufactured plates using a water-cooled diamond disc wheel cuter before getting sliced, using a diamond saw. Prior to being coated with Au by sputtering, the samples were submerged in acetone and sonicated for 2 min to remove any excess dust from the slicing/cutting process.
Electrical conductivity measurements
The DC resistance was measured with a two-probe set-up with the use of a TTi BS-407 precision milli/ micro-ohmmeter. The applied electric current during the measurements was 5 mA. For the measurements along and transverse to the fibres, rectangular samples were made from the manufactured laminates using a diamond saw (30-180 mm length 9 40 mm width 9 4.2 mm thickness). The fixture for the electrical conductivity measurements is shown in Fig. 2 . The fixture is PTFE (Polytetrafluoroethylene) and includes a screw actuator to control the applied pressure on the electrical contacts to aid reproducibility. To determine the applied pressure level required for repeatable contacts, resistance measurements were obtained as the applied torque was varied and it was shown that above 5 MPa of contact pressure, the resistance exhibited saturation. Hence, the applied pressure was maintained at 5 MPa during the measurements. Measurements in the throughthickness direction were realised using disc-shaped samples (50 mm diameter and 4.2 mm thickness) with the use of round electrodes featuring a guard ring in the voltage-sensing electrode according to ASTM D-257. Due to size and shape of the electrodes, a hydraulic press was utilised to control the required amount of applied pressure. Both electrodes were electrically insulated with PTFE sheets to avoid current leakage to the press. Prior to the measurements, the sample surfaces that were intended to act as electrodes were initially polished with silicon carbide sandpaper, 600 and 1000 grit, to remove the excess polymer from the surface and expose the carbon fibres to achieve direct electrical contact. To mitigate the influence of surface roughness and promote ohmic contact across the electrode area, an epoxy-based adhesive containing silver particles, supplied by RS Components and with a volume electrical conductivity of 10 3 S/cm, was employed. Thin layers of the adhesive were applied to the intended electrode surface followed by curing at ambient temperature for 24 h. The current was injected via copper foils, with a thickness of 35 lm, which were bonded to the test fixture. All the measurements were conducted at a temperature of 25°C and 55% RH. Estimations of the contact resistance were realised by conducting resistance measurements in CFRP samples with constant cross section by varying their length (longitudinal and transverse directions), or their thickness for the case of the through-thickness direction. The contact resistances were estimated to be 12 ± 2 mX in the longitudinal direction, 240 ± 60 mX in the transverse direction, and 160 ± 20 mX in the through-thickness direction.
For the characterisation of the transverse and through-thickness electrical and thermal conductivity, two samples for each filler content were tested. To account for discrepancies from the infusion process of the GO-modified epoxy into the fibres, samples were cut near the resin inlet side and the vacuum outlet. The obtained results are quoted as the mean of the values obtained for the resin inlet and vacuum side. All samples were cut from the same plate.
Thermal conductivity measurements
The through-thickness and transverse direction thermal conductivities were measured using a steady-state technique based on a guarded hot plate (GHP) method, see Fig. 3 . The advantage of steadystate techniques is that, besides the thickness of the test sample, the only additional information required to obtain the thermal conductivity is the interface resistance between the sample and the substrates [33, 34] . The technique is based on establishing a onedimensional (1-D) heat flow through by placing the bulk of the sample between a pair of circular metallic substrates (brass plates/discs with a diameter of 50 mm and a thickness of 15 mm) and heating using a 2 W, 12 V heating element attached to the base of the hot plate substrate. Steady-state conditions were defined when the temperature was exhibiting variations of less than 0.5 K over a period of 30 min. To accurately obtain the heat flux, a thin film flux sensor, OMEGA HFS-4, with a sensitivity of 1.6 lV/W/m 2 , was incorporated into the design. The DC voltage output signal from the sensor was recorded using an Agilent technologies 34401A voltmeter. Temperature readings were conducted using K-type thermocouples connected with a Pico Technologies TC-08 thermocouple data logger. To avoid lateral heat losses, the apparatus was insulated with polymethacrylimide (PMI) foam. To mitigate the influence of surface roughness, air gaps and thermal contact resistance, a silicone-based heat transfer compound with a thermal conductivity of 3 W/mK, Electrolube HTSP was applied in the interfaces between the brass substrates and the test specimen. To assure reproducibility, an M6 bolt actuator was employed to apply a torque of 1 Nm a total of 0.28 MPa of applied (average) pressure ensuring identical conditions during the measurements. This level of externally applied pressure was sufficient to ensure that surface air gaps were avoided in the interfacing material (coming in paste form).
The specimens required to measure the throughthickness thermal conductivity were circular discs of 50 mm in diameter, which were simply cut from the as-manufactured laminates using waterjet cutting. Manufacture of the specimens suitable for measuring the transverse thermal conductivity was rather more challenging as the heat flow has to be in the transverse direction; Fig. 4 shows how this was achieved. CFRP strips, 7 mm and 9 mm wide, were cut from the manufactured laminates and bonded together using an epoxy-based adhesive to form discs of 50 mm diameter such that the transverse direction of the laminate was aligned with the heat flow direction (i.e. through the thickness of the disc). Since the epoxy bond line was parallel to the heat flow direction, it was assumed that the adhesive did not affect the measurements as the total area of the bonding is about 1.5% of the total cross-sectional area of the samples.
For both the through-thickness and transverse laminate directions, samples with different thicknesses were manufactured and tested to investigate the influence of the interface conductance on the measurements. By plotting the ratio of the temperature gradient to the flux, i.e. DS/q, versus the sample thickness Dx, the interface conductance h can be estimated from the intercept with the DS/q axis, as indicated in Fig. 5 [1, 34, 35] .
Each sample was measured two or more times, and corrections to the values were made using an analogue of resistances connected in series as follows: J Mater Sci (2019) 54:8955-8970
where the ratio Dx/k is the thermal resistance of the sample, 1/h is the thermal interface resistance, Dx is the sample thickness, k meas is the measured thermal conductivity, k true is the corrected value of thermal conductivity and h is the interface conductance. The estimations of the measurement uncertainty were realised by calculating the percentage of the deviation between the k true values with the thermal conductivity value obtained from the slope of the plot depicted in Fig. 5 . To validate the measuring accuracy of the apparatus, measurements were carried out on sample materials with well-defined thermal conductivity values. In this study, two reference materials were used to obtain a two-point calibration: PTFE (polytetrafluoroethylene), supplied by RS components, and fused silica (quartz glass), supplied by UQG Optics, Cambridge, UK. Disc-shaped samples with a diameter of 50 mm and various thicknesses were tested for both reference materials, see Fig. 5 . From the results listed in Table 2 , it is seen that the measured values agree well with the values stated by the suppliers and found in the literature [34, 36, 37] . The higher uncertainty observed in the measurement of the fused silica compared to the PTFE is associated with the GHP method. Thermal conductivity values similar to the one for fused silica are usually close to the limit of the measuring capabilities of this method [36] .
Interlaminar shear strength (ILSS) assessment
To assess the impact of adding GO to the resin system, it was decided to conduct interlaminar shear strength (ILSS) testing. This test does not provide a complete overview or documentation of mechanical performance, but it does provide a good assessment of the properties of the fibre-matrix interface, thereby the stress transfer performance of the GO-modified composite system. The ILSS was evaluated using a short-beam shear test (three-point bending). The test was performed in accordance with the ASTM D2344 test standard [38] . The span to width ratio was set to 4:1, and the crosshead movement rate was 1 mm/ min. To account for manufacturing variabilities, fibre volume fraction variations and possible inhomogeneous dispersion of the filler, test specimens were cut along the resin flow direction. The mechanical tests were conducted using an Instron 5569 universal electro-mechanical testing machine with load capacity of 50 kN, and the Bluehill software from Instron was used for logging the load/displacement data. The results were presented as mean values with standard deviations based on all of the tested samples of each of the examined laminates. The ILSS was calculated using the following expression:
where P is the maximum load observed during the test, b the specimen width and h the specimen thickness.
Results
Reference electrical and thermal conductivities
The electrical and thermal conductivities of the reference composite material system, i.e. neat CFRP without GO-modified resin, were measured to establish a reference for comparative purposes. From the measured DC electrical conductivity results shown in Table 3 , it is observed that the electrical conductivity in the through-thickness direction is almost an order of magnitude lower than in the transverse direction (i.e. in-plane and perpendicular to fibres). Furthermore, the electrical conductivity in the fibre direction is approximately three orders of magnitude greater than in the transverse direction, and four orders of magnitude higher than in the through-thickness direction. Thus, the level of anisotropy plays a significant role in determining the electrical conductivity of the reference CFRP.
The measured thermal conductivities in the transverse and through-thickness directions are also given in Table 3 . It is seen that the measured values are indicative of the anisotropic behaviour, with the transverse direction thermal conductivity being about 13% higher than the value in the throughthickness direction.
Electrical conductivity
The influence of GO filler content on the electrical conductivity in the transverse direction is shown in Fig. 6 . It is seen that the addition of GO leads to a slight increase in the conductivity values. No substantial increase was observed for low filler contents, i.e. below 1.26 vol%, but the effect becomes more pronounced at filler contents above 2.52 vol% where a nonlinear increase occurs with further addition of GO reaching its maximum value of approx. 0.7 S/cm at 6.3 vol%. Figure 7 shows the measured electrical conductivity in the through-thickness direction as a function of the GO filler content. A similar trend as in the transverse direction is observed. At low filler contents, i.e. 0.32 vol% and 0.63 vol%, there appears to be no effect of the GO filler. The effects GO filler becomes more prominent from contents of 1.26 vol% and above, where a steady increase is observed. Finally, a threefold increase in the electrical conductivity compared to the neat system was achieved with 6.3 vol% GO filler providing an approximate value of 0.18 S/cm. Figure 8 shows that different GO filler contents do not have any significant influence on the measured transverse thermal conductivity with only minor changes from the neat CFRP system value (see Table 3 ).
Thermal conductivity
The through-thickness thermal conductivity is presented in Fig. 9 as a function of the GO filler. When filler contents below 2.52 vol% are used, the thermal conductivity is not significantly affected by the addition of GO. Above 2.52 vol%, the thermal conductivity increases approximately linearly up to the highest GO filler content, i.e. 6.3 vol%. 
Interlaminar shear strength (ILSS)
The measured ILSS results are shown in Fig. 10 . It is seen that the addition of relatively low GO contents, i.e. 0.32 vol% and 0.63 vol%, provides significant improvements in the ILSS relative to the CFRP neat system, with increases of 29.7% and 58.4%, respectively. For higher GO filler contents, i.e. 1.26 and 2.52 vol%, there was no significant effect on the measured ILSS relative to the neat CFRP, although modest improvements in the ILSS of 9.5% and 17.6% are seen. The CFRPs with 3.78 vol% and 6.3 vol% GO produced an ILSS that is 37% higher than the neat CFRP system.
Discussion
Morphology and dispersion of GO filler
From the SEM images, see Fig. 11 , it is seen that the morphology of the inclusions dispersed into the CFRP laminate appears to be similar to the dimensions stated by the supplier, see Fig. 11b . As expected, inclusions in the form of aggregates are observed in high filler contents, but they cannot be considered as a case of severe aggregation. Aggregates with dimensions similar to the fibre diameter will significantly affect both the infusion process and the mechanical response of the laminate. This is because of the oxygen groups that exist in GO that contribute to larger intramolecular distances, thus creating weaker bonds, making it easier for exfoliation from thicker stacks into small platelets to occur, even using simpler methods such as planetary mixing [29, 31] . Furthermore, the GO particles are seen to be located in the close vicinity of the fibre surfaces, which is indicative of good compatibility of the filler with the epoxy matrix and the epoxy-based sizing of the fibres. In the case of high GO filler loading, i.e. 6.3 vol%, it is worth noting the concentration of filler adjacent to the fibres, Fig. 11d , where GO appears to be attached to both the epoxy and the fibres forming an interfacial region. This particular feature suggests compatibility between GO and epoxy resin and can be expected to provide improvements in the electrical and thermal conductivities as well as the mechanical stress transfer capability.
Electrical conductivity
From the characterisation of the electrical conductivity of the neat CFRP system, see Table 3 , it is evident that the conductivity in the transverse and through-thickness directions is very poor compared with the longitudinal direction, which is dominated by the fibre properties. An initial assumption would be that the electrical conductivity in the transverse and through-thickness directions of a UD CFRP laminate should be identical or very similar. However, as evidenced by Table 3 , the through-thickness conductivity is about one order of magnitude lower than in the transverse direction. The reason for this is that in both vacuum-infused and prepreg-based laminates, resin-rich interlaminar regions are formed leading to a significant reduction in the electrical conductivity in the through-thickness direction. This effect has also been reported in previous research [4, 8] .
For the transverse electrical conductivity, the measurements (see Fig. 6 ) show that the low contents of GO up to 2.52 vol% do not have a significant effect, exhibiting values that are very similar to the neat CFRP properties. However, at high filler contents, 6.3 vol%, an increase in the electrical conductivity is observed. Although this increase cannot be described as substantial, it is not expected that drastic increases in the transverse direction will occur since current conduction is dominated by fibre-to-fibre contact points [39] . Considering that the laminates manufactured in this study have fibre volume fractions well above the percolation threshold, which is approx. 40 vol% [40] , the addition of high contents of GO can only decrease the contact resistance between the fibres or interconnect adjacent fibres at multiple points along the bulk of the laminate. Thus, by reducing the intra-lamina resistance, the composite behaves similarly to a laminate with higher fibre volume fraction. Hence, the observed nonlinear increase for high GO contents, in this case above 2.52 vol%. The above mechanism is supported by the SEM characterisation (see Fig. 11c ), where GO flakes appear to interconnect adjacent carbon fibres, within the same lamina.
Considering the through-thickness direction measurements (see Fig. 7 ), it is seen that the GO filler content does have significant influence on the electrical conductivity, and a nonlinear increase can be observed with the addition of GO. At low GO contents, i.e. 0.32 vol% and 0.63 vol%, a modest increase in the conductivity is seen. Further increasing the GO content, i.e. to 1.26, 2.52 and 3.78 vol%, leads to a more substantial rise of the conductivity as the higher volume of conducting inclusions dispersed into the interlaminar region polymer facilitate the current flow through the laminate bulk. Since interlaminar regions are dominated by the polymer matrix, the associated conduction mechanism, in this case tunnelling through the dispersed GO flakes, can be treated as in a polymer composite, where the dependency of the electrical conductivity from the filler content is nonlinear [41] . For the highest GO filler content, i.e. 6.3 vol%, a threefold increase in the electrical conductivity is observed, where the conductivity reaches the same order of magnitude as in the transverse direction, i.e. 0.18 S/cm and 0.56 S/cm, respectively. The explanation for this behaviour is supported by the SEM images, see Fig. 11c , which indicate that GO inclusions interconnect the adjacent laminae by forming conducting paths through the interlaminar region. In the literature, it has been reported that different fillers and filler incorporation methods can also provide improvement for comparable material and processing systems suitable for large volume manufacturing. For instance, the use of GNPs in the fibre's sizing has shown improvements with values up to 0.07 S/cm [10] , which is less than the improvement reported here. The incorporation of several types of CNTs has shown its potential with through-thickness values ranging from * 10 -3 S/cm [8, 42] up to 0.089 S/cm [43] , which is similar to that reported here for the lower filler contents. However, it should be noted that it is difficult to increase the content of CNTs due to the increase in viscosity of the polymer matrix and possible degradation of some of the mechanical properties. Although the increase observed in this study is significant, it is clear that to produce a through-thickness conductivity identical to the conductivity in the transverse direction, significantly higher quantities of filler need to be infused into the laminate to deliver high degree of percolation into the matrix material. Ideally, this would provide further increase in the conductivity since the physical current-conducting paths are formed prior to the infusion. However, higher levels of filler loading will make the matrix material difficult to handle as the viscosity increases drastically when percolation is observed and it will prevent a good fibres consolidation to the resin during the infusion process. Also, higher GO filler contents are likely to have a degrading effect on the ILSS.
Thermal conductivity
Similar trends as for the electrical conductivities were observed for the thermal conductivities in the transverse and through-thickness directions, see Table 3 and Figs. 8 and 9 . Epoxy-rich interlaminar regions decrease the through-thickness thermal conductivity relative to the transverse thermal conductivity by approximately 12%, which can be interpreted as the rate of improvement that needs to be achieved to obtain the same thermal conductivities in the through-thickness and transverse directions. As indicated by the measurements in the throughthickness direction, significant thermal conductivity improvements are only observed when high amounts of conducting filler are added to the epoxy matrix, i.e. 6.3 vol% GO. The associated mechanism is the enhancement of thermal conduction along the platelet-shaped GO inclusions that occur in the interlaminar region of the thermally insulating polymer matrix. Unlike the electrical conductivity, improvements in thermal conductivity of a polymer require significantly higher filler loadings, which is not surprising since the values of thermal conductivities for GO and epoxy are only two orders of magnitude apart [18] . Hence, improved thermal conductivities can only be seen for 3.78 and 6.3 vol%. Although the addition of a thermally conducting filler can assist the thermal conduction process, particular fillers and manufacturing/dispersion processes can further affect the rate of improvement, for example by aligning GO inclusions in a particular direction which is consistent with the conventional effective medium field theory [44] . In the case of GO filler, the oxygen content represents impurities in the crystalline structure of the filler and can greatly affect the thermal conductivity of the filler itself [22, 23] . For the as-received GO used in this study, the oxygen content was between 5 and 10%, which can be considered as low, and, thus, the thermal conductivity of the filler will not be affected drastically. Molecular dynamics has shown that the thermal conductivity of GO can be reduced down to 8.8 W/mK when the oxygen coverage is close to 20% [23] . Similar results were reported after characterising the thermal conductivity of free-standing GO films [22] . For low filler contents, up to 2.52 vol%, the added filler is not sufficient to provide additional conduction in the interlaminar region, and the measured thermal conductivities are of the same magnitude as for the neat CFRP laminate. However, for 6.3 vol% filler content, the throughthickness thermal conductivity increased up to a point of reaching almost identical values as observed in the transverse direction of the neat CFRP. This is probably related to a non-uniform distribution of GO flakes, as at high GO vol% the flakes mainly accumulate in the interlaminar region making the local vol% of GO higher than the average in the laminate's bulk. The highest thermal conductivity provided in the present study is 0.83 W/mK; it is the case that higher values have been reported in the literature [35] . However, many other factors have an effect on the thermal conductivity of nano-reinforced laminates such as the carbon fibre type, the fibre volume fraction, the thermal conductivity of the epoxy, the manufacturing method, the method of adding the nano-filler into the composite and the measurement temperature. Here, the important factor is the suitability of the materials and the process for large volume manufacturing (as discussed in the previous section of the paper). Leaving that aside, similar values, 0.86 W/mK, have been reported for laminates containing GNPs, for the same filler content [16] , but also for a significantly lower filler content of 0.5 wt%, 0.84 W/mK [45] , but the GNPs were deposited directly onto the carbon fabric, adding both to cost and the complexity of the manufacturing process.
Significantly lower values, approx. 0.53 W/mK, were observed in laminates containing both GNPs and SNPs, however, at a much lower fibre volume fraction [7] .
The addition of GO makes little difference to the transverse direction thermal conductivity (Fig. 8) . Unlike the through-thickness direction, in the transverse direction, there are no interlaminar resin-rich regions, which means that the heat flows mainly through the fibres passing small epoxy gaps between them. The main thermal resistance mechanism in this case would be heat flux funnelling towards fibre contacts. Hence, the addition of GO filler cannot provide the noticeable improvements observed for the through-thickness direction. The marginal decrease with increasing GO filler content, although within the experimental uncertainty, can be attributed to fibre contact topology changes caused by fibre volume fraction variations during the infusion process.
ILSS
From the ILSS tests conducted for varying GO filler contents, see Fig. 10 , it is observed that the addition of GO into the epoxy matrix leads to increased ILSS values, i.e. to improved matrix-fibre stress transfer. For low GO filler contents, i.e. 0.32 vol% and 0.63 vol%, a sharp increase in the ILSS is seen. The observed improvement can be attributed to the planar geometry of the GO filler agglomerates (flakes), with large surface areas, leading to enhanced filler/matrix adhesion [46, 47] . At low filler contents, it can be assumed that the filler is homogenously dispersed in the bulk of the laminate, which enables the GO flakes to effectively act as crack deflectors, thus suppressing further crack propagation into the epoxy matrix. In addition, as observed in the SEM images (Fig. 11) , the rough or wrinkled GO flake surfaces contribute to the interlocking of the polymer matrix onto the GO. For intermediate filler contents, i.e. 1.26 vol% and 2.52 vol%, some aggregation is observed, and this can cause the formation of local stress concentration zones leading to decreased ILSS values compared to the samples containing finely dispersed GO flakes, while still providing improved behaviour in comparison to the neat CFRP. By further increasing the GO filler content, i.e. 6.3 vol%, notwithstanding the aggregation of the fillers, the higher dispersed volume of GO flakes provides a secondary reinforcement and strengthens both the epoxy/carbon fibre interphase and polymer interlaminar regions [48] . This explains the substantially increased ILSS value relative to that in the intermediate GO filler content samples and is supported by the literature where improvements in ILSS are reported for other means of filling, including the incorporation of GO into the sizing and depositing GNPs directly onto the carbon fabric. Similar results to those found in the present paper are reported [5, 45] , thus confirming the efficiency of incorporating GO filler directly in the bulk matrix.
Conclusions
It was demonstrated that GO-reinforced CFRP laminates manufactured using VARTM and bulk matrix nano-filler modification exhibit improved electrical and thermal through-thickness properties, as well as improved ILSS values. Five different GO filler loads were investigated: 0.32, 0.63, 2.52, 3.78 and 6.3 vol%. The electrical conductivities have been shown to be far more sensitive to the addition of GO than the thermal conductivities, with the highest levels of improvement observed in the through-thickness direction, whilst the transverse direction electrical conductivity was found not to be significantly affected. The observations regarding ILSS results suggest that interphase tailoring can be achieved by bulk matrix modification with the GO filler addition. This further suggests that it is feasible to manufacture CFRP laminates that can be utilised in applications where electric current or heat is expected to be introduced into the CFRP structure, whilst at the same time retaining or improving the ILSS, which is typically a very important parameter of mechanical design (albeit not the only important design parameter). The improved electrical (in particular) and thermal conductivities have the potential to improve the overall material performance by acting as a means of mitigation of electrically or thermally induced damage locally. An overview summary of the improvements observed for the through-thickness electrical and thermal conductivities, as well as the ILSS, relative to the properties of neat CFRP UD laminates is shown in Fig. 12 , which provides an overview and road map to the multifunctional behaviour and potential improvements in GO-reinforced UD CFRP material systems for structural applications. 
